Clinical background
===================

The bone has a unique healing potential after damage, resulting in tissue of ultimately the same quality, structure and architecture as before. High energy trauma, tumour resection, revision surgery, developmental deformities and infection can lead to significant bone loss and large defects with poor intrinsic healing potential. These large bone defects pose a major clinical and socioeconomic problem, as they have negative impact on patients' quality of life due to consecutive reoperations and prolonged hospitalizations. According to the American Academy of Orthopaedic Surgeons, there are approximately 6.3 million fractures each year in the United States, with more than 500,000 procedures of bone grafting, costing approximately \$ 2.5 billion \[[@b1]\].

Critical size defects
---------------------

A critical size defect is defined as the smallest size intra-osseous wound in a particular bone and species of animal that will not heal spontaneously \[[@b2]\], or as a defect that shows less than 10% bony regeneration during the lifetime of the animal \[[@b3]\]. Furthermore, a defect can be characterized as 'critical size' when its length deficiency exceeds two to three times its diameter \[[@b4]\].

Bone physiology -- molecular cues and cellular responses
========================================================

All available treatments for segmental bone defects are based upon specific molecular and cellular mechanisms. Hence, their function is better understood with an insight of basic bone physiology.

The structural unit of bone is called bone multicellular unit and consists of bone-resorbing cells (osteoclasts), bone-forming cells (osteoblasts, osteocytes and bone-lining cells), their precursor cells and other associated cells, such as endothelial and nerve cells \[[@b5]\]. Osteoclasts form a bone-resorbing front and are followed by osteoblasts producing new bone. Those osteoblasts that are trapped within the newly formed bone finally differentiate into osteocytes, while those on the surface into lining cells.

Osteogenesis is the initial production of bone and includes intramembranous and endochondral ossification. Bone modelling involves the formation of bone's shape and structure by the independent actions of bone remodelling units. Furthermore, bone is being constantly renewed by bone remodelling *via* the coupled actions of osteoclasts and osteoblasts \[[@b6]\].

Osteoclasts are multinuclear cells and are formed by fusion of their progenitor cells, which circulate in the blood and, under the effect of specific signals, leave the circulation to the required site. It is known that these cells derive from the bone marrow haematopoietic lineage of cells, which also generate monocytes and granulocytes, with a central role in inflammatory processes. Colony stimulating factors (CSF), including granulocyte macrophage-CSF, granulocyte-CSF and macrophage-CSF and interleukin (IL)-3 regulate pre-osteoclast proliferation and differentiation. However, the most important role in bone resorption regulation is attributed to a cytokine of the tumour necrosis factor (TNF) group, the receptor activator of nuclear factor-κB (NF-κB) ligand (RANKL) and its two known receptors, RANK and osteoprotegerin (OPG) \[[@b7], [@b8]\]. RANKL stimulates pre-osteoclast differentiation, augments mature osteoclast activity and inhibits osteoclast apoptosis. It is expressed by osteogenic cells and its physiological role is induced by binding to RANK. On the other hand, OPG is a soluble receptor of RANKL, preventing RANKL--RANK binding. The control of RANK/OPG ratio by other cytokines appears to be the final stage of osteoclastogenesis regulation. These cytokines include IL-1, IL-3, IL-6, macrophage-CSF, granulocyte macrophage-CSF and TNF-α. Thus, inflammatory situations have a significant contribution to bone loss and bone defect formation, and can adversely affect therapeutic interventions \[[@b9], [@b10]\].

Osteoblasts are of mesenchymal origin, deriving from the non-haematopoietic part of bone marrow, which contains the mesenchymal stem cells (MSCs). These cells are capable of multilineage differentiation into osteoblasts, adipocytes and chondrocytes \[[@b11]\].

Osteoblast differentiation is under control by growth factors, hormones and transcription factors. Growth factors can be divided in the superfamily of the transforming growth factor β (TGF-β) and the group of the insulin-like growth factors (IGFs). The TGF-β superfamily includes the bone morphogenetic proteins (BMPs). All these factors have either a direct influence on osteoblast activity, or an effect to other bone growth regulators. BMPs' major effects are on osteoprogenitor cell proliferation and differentiation, while the rest of the TGF-βs seem to act predominantly on differentiated cells, promoting their proliferation and bone matrix synthesis \[[@b12]\]. The TGF-β family includes three isoforms: TGF-β~1~, TGF-β~2~ and TGF-β~3~, with TGF-β~1~ being the most abundant in bone, having a mean concentration of 200 mg/kg \[[@b13]\]. All isoforms show distinct roles during endochondral and intramembranous ossification. At sites of endochondral bone formation, TGF-β~2~ is detected in all zones of the cartilage but mostly in the hypertrophic and mineralizing zone \[[@b14]\]. TGF-β~1~ and TGF-β~3~ are found in chondrocytes of the proliferative and hypertrophic zone \[[@b13]\]. On the other hand, during intramembranous ossification, TGF-β~1~ and TGF-β~2~ are detected in sites of mineralization, while TGF-β~3~ shows a more diffuse distribution \[[@b14], [@b15]\]. The TGF-β isoforms per se are powerful inducers of endochondral bone formation in primates. This bone induction is site and tissue specific \[[@b16]\]. Furthermore, IGFs seem to enhance the effects of the previous factors \[[@b6], [@b17]\]. Finally, other growth factors include platelet-derived growth factor, fibroblast growth factor (FGF) and vascular endothelial growth factor \[[@b17]\]. Endocrine control of osteoblast differentiation includes glucocorticoids and sex steroids, PTH and PGE~2~. All of them work in coordinance with the aforementioned growth factors.

Bone formation is regulated through a hierarchical expression of transcription factors. Runx2 is essential for endochondral bone formation. It is a member of the *runx* family of genes, which includes *runx1*, *runx2* and *runx3*. Runx2 expression in MSCs results in up-regulation of osteoblast-specific genes, including *osteocalcin*, *alkaline phosphatase*, *bone sialoprotein* and *collagen type I α1 (collα1)*. Intramembranous and endochondral ossification are lost in Runx2 knockout mice. On the other hand, overexpression of Runx2 leads to osteopenia. Hence, its activity is under tight control by several other transcription factors \[[@b6]\].

Osterix (Osx) is specifically expressed by osteoblasts and functions downstream of Runx2. It forms a complex with the nuclear factor of activated T cells, thus potentiating the *collα1* promoter, or, according to other studies, the Wnt signalling pathway \[[@b18], [@b19]\].

The Wnt--β-catenin signalling pathway results in translocation of β-catenin into the nucleus and activation of genes, including *runx2*, which lead to osteoblast differentiation. Activating transcription factor 4 and distal-less homeobox 5 also play important roles in osteoblastogenesis. Finally, NF-κB probably activates the transcription of osteoblast-specific genes and through RANKL promotes osteoclast differentiation, coupling the actions of bone-producing and bone-resorbing cells \[[@b20]\].

Osteoblast differentiation can be triggered by mechanical stimuli, which are transduced by osteocytes. Osteocytes are stimulated through streaming potentials by fluid flow strain in the lacuno-canalicular system. Mechanical stimulation ultimately leads to up-regulation of IGF-I, growth-related genes *c-fos*, *erg-1* and basic FGF \[[@b21]\].

Standard treatment of segmental bone defects
============================================

Vascularized bone graft
-----------------------

Vascularized bone grafts are the first choice for surgical reconstruction of critical sized bone defects, as they contain an internal vascular network supplied by a vascular pedicle. Unlike non-vascularized bone grafts which are discussed further on (subsections 'Autologous bone graft' and 'Allograft'), integration with the host bone resembles the process of fracture healing, resulting in short union times (3--5 months) \[[@b22]\].

In clinical practice, however, integration of the transferred to native bone is not reliable and frequently the procedure is supplemented with autologous grafting. The technique's disadvantages are donor site morbidity, the need for prolonged non-weight-bearing period and the fact that it is technically challenging \[[@b23]\]. Furthermore, vascularized bone grafts often do not meet the mechanical demands of the site in which they are transferred, leading to stress fractures in up to 25% of reconstructions \[[@b22]\].

A recent technique that combines a free fibular flap with a large structural allograft, for surgical reconstruction of large bone defects, provides the mechanical strength of cortical allografts, along with the potential for remodelling through the vascularized fibular graft \[[@b24]\]. In paediatric or adolescent patients with a greater potential of bone remodelling, the application of the technique is very promising \[[@b25]\].

Distraction osteogenesis
------------------------

Distraction osteogenesis in its modern form was developed by Ilizarov, who, in contrast to previous proposals, used an external fixator, allowing the patient to be ambulatory, and extended its use from limb lengthening to various conditions including segmental defects \[[@b26]\]. The technique's basic concept is osteogenesis during distraction through a corticotomy, *i.e.* cutting the cortex while leaving the medullary vessels and the periosteum intact to form bone *de novo*. The forming callus can be distracted, by longitudinally translating the bone segment included between the corticotomy site (usually in the proximal or distal metaphysis) and the bone defect, with the use of an external fixator and a rate of 1 mm/day \[[@b27], [@b28]\]. With distraction osteogenesis, massive grafting is not necessary, early weight bearing is possible and local blood flow is increased through stimulation of angiogenesis \[[@b29]\]. On the other hand, patient's compliance is an important issue. Moreover, the application of the external fixator is technically demanding and the whole treatment requires a prolonged follow-up period for the frame adjustments to be done.

Autologous bone graft
---------------------

Autologous bone graft is considered as the 'gold standard' material for grafting, because it consists of all three elements needed for bone formation, which include the structural lattice, growth factors and, to some extent, osteoprogenitor cells. Its scaffold-like structure allows for cell migration and proliferation. Its disadvantages include donor site morbidity, extended operating time, the risks of infection and injury of vessels and nerves and autologous graft's limited availability, especially in elderly patients \[[@b30]\]. The lack of vasculature is a major drawback, as the process of osseointegration proceeds by creeping substitution and the diffusion of oxygen and nutrients is reversely proportional to the distance from the healthy bone tissue \[[@b22]\].

Allograft
---------

Allografts have been introduced in order to overcome the donor morbidity of autologous bone grafts, can be available in the desired quantities and their application does not require sophisticated surgical techniques. The lack of osteogenicity and the risks of disease transmission and immunogenic response are drawbacks of this technique. Furthermore, the maintenance of allograft banks is rather expensive. Finally, as with autologous bone grafts, allografts are non-vascularized and have similar limitations concerning integration with host bone, while infection, non-union and fracture are complications related to their avascular nature \[[@b23]\].

Demineralized bone matrix
-------------------------

Demineralized bone matrix (DBM) is human cortical and cancellous allograft subjected to decalcification with the use of numerous weak and strong acids, such as hydrochloric acid, as well as acidic buffers. When hydrochloric acid is used, the main components of bone's inorganic phase, *i.e.* hydroxyapatite, calcium phosphate (CaP) and calcium carbonate react to form calcium chloride \[[@b31]\]. This procedure preserves collagen and non-collagenous proteins including growth factors. As with allografts, disease transmission and immunogenic reaction remain as disadvantages. DBM lacks structural strength hence its mechanical properties and handling characteristics can be enhanced by addition of hydroxyapatite, autograft, allograft or bone marrow aspirate \[[@b30]\].

Tissue engineering
==================

According to Langer and Vacanti, tissue engineering is 'an interdisciplinary field that applies the principles of engineering and the life sciences towards the development of biological substitutes that restore, maintain or improve tissue function'\[[@b32]\]. Its main purpose is to produce fully functional tissues that could replace damaged ones. In order for that to be accomplished, cells, extracellular matrix, blood vessels, nerves, intercellular communication and cell--matrix interaction need to be combined in an appropriate spatial- and time-dependent fashion \[[@b33]\].

An ideally engineered bone tissue should exhibit three main properties: osteogenicity, osteoinduction and osteoconduction. Osteogenicity is defined as an artificial tissue's capability of forming bone tissue *de novo*. Osteoinduction is the ability to induce bone formation by stimulating the proliferation and differentiation of host's osteogenic cells. Finally, osteoconductivity is the capacity to guide bone tissue formation. Consequently, engineered bone tissue is composed of osteogenic cells, osteoinductive growth factors and osteoconductive scaffolds. Ease of use, mechanical stability and vascularization are other properties of an ideal bioartificial bone tissue \[[@b33]\].

Osteogenic cells
----------------

The main source of MSCs is bone marrow. A bone marrow aspirate is easy to obtain and the contained stromal cells can be used in bone tissue engineering to create autologous bone tissue, without the ethical issues raised by the use of cells from different sources \[[@b34]\].

The concentration of stem cells in the bone marrow is approximately 1:100,000 nucleated cells. Centrifugation of aspirated bone marrow separates the marrow cells from plasma and preserves the osteogenic potential of the cells, decreasing the volume of the material injected \[[@b23]\]. Human bone marrow-derived MSCs can be subcultured for as many as 15 passages without losing differentiation potential \[[@b35]\].

The skeletal stem cells, originally termed colony forming units-fibroblasts are of stromal nature, meaning that they do not bear any haematopoietic or endothelial characteristics and are thus found to the non-haematopoietic tissue which is included in the intact bone marrow \[[@b36], [@b37]\].

Furthermore, bone marrow stromal cells form clonal colonies under certain conditions \[[@b38]\]. Multipotency is another characteristic of skeletal stem cells. They have the potential to differentiate into bone, cartilage, tendon, muscle and fat both *in vitro* and *in vivo*\[[@b36], [@b39], [@b40]\].

*In vivo*, stem cells undergo asymmetric division, leading to two daughter cells, one that clonally expands and differentiates and another one that remains a stem cell. *In vitro*, all non-transformed postnatal cells are subject to asymmetric kinetics and ultimately show replicative senescence. Thus, a culture initiated by a single stromal colony forming units-fibroblasts, which undergoes asymmetric division, includes the expanding and differentiating progeny of the stem cell, and the original stem cell, without expansion. As a result, any bone marrow stromal cell strain is actually never a pure culture of MSCs, as they cannot be culture expanded \[[@b41]\]. During long-term *in vitro* culture of human MSCs, the cells ultimately enter a state of growth arrest, which is called replicative senescence and is caused by several factors, such as accumulation of DNA damage or mitochondrial alterations \[[@b42]\]. Progressive telomere shortening due to absence of telomerase activity is considered as the most important factor \[[@b43]\]. In order to overcome this limitation, telomerization can be used and a large number of cultured cells can be obtained. Nevertheless, this procedure can lead to genomic instability and after approximately 250 population doublings to cell transformation \[[@b44]\]. Transient induction of human telomerase reverse transcriptase can be used as an alternative \[[@b11]\]. Besides telomerization, growth factors, such as FGF-2, or the culture of cells under low oxygen tension have been employed to extend the lifespan of the MSCs *in vitro*\[[@b45]\].

Bone marrow stromal cell strains exhibit a characteristic profile of surface markers \[[@b41]\]. These markers show high sensitivity but lack specificity, as they cannot distinguish between the multipotent MSCs and their differentiated progeny or other 'mesenchymal' cells. Typical markers of MSCs include CD71, CD105, CD166, CD44, Thy1, CD29 and CD63, whereas a total of 29 integrins and cell adhesion molecules, 20 receptors and 18 Ras-related small GTPases were also identified \[[@b11]\].

In addition to surface markers, the master gene of osteogenic commitment, *runx2*\[[@b46]\], is constitutively expressed in stromal cell cultures. Furthermore, bone marrow stromal strains express Osx and the chondrogenesis-controlling transcription factor Sox9, transcription factors regulating adipogenesis, such as peroxisome proliferator-activated receptor g, and other proteins, which characterize the osteoblastic lineage, such as types I and III collagens \[[@b41]\].

It is necessary to limit the differentiation potential of MSCs into a particular lineage before their use in therapy, because of the theoretical danger of serious complications (e.g. tumour formation) by the use of undifferentiated stem cells. This limitation can be achieved by the use of lineage-specific transcription factors or growth factors, hormones and extracellular matrix proteins \[[@b11], [@b47]\].

Skeletal stem cells can be transduced using oncoretrovectors and lentivectors, which have been proved very efficient and neutral in respect to the cells' growth and differentiation properties \[[@b48]\]. The use of molecular engineering allows for the production of stromal cell strains that overexpress specific genes \[[@b36]\].

After *in vivo* transplantation of skeletal stem cells, formation of bone and bone marrow occurs. MSCs are able to regenerate segmental bone defects by direct orthotopic placement in conjunction with appropriate scaffolds \[[@b41]\]. They have been used successfully in the treatment of segmental bone defects in various animal models \[[@b49], [@b50]\]. Additionally, there have been reported cases of patients with large bone defects who were treated with locally injected autologous MSCs \[[@b11]\].

However, it should be mentioned that clinically, the main drawback of MSCs use is the low number of cells obtained upon harvest. This has led research to alternative sources of MSCs. Adipose tissue is also of mesenchymal origin and is characterized by a supportive stroma that can be processed with homogenization, enzymatic digestion, differential centrifugation, red blood cells lysis and washing, to isolate the stromal vascular fraction (SVF). The latter represents a heterogeneous cell population that includes multipotent adipose tissue MSCs. Adipose tissue MSCs can be cultured and expanded, preserving multipotency and making them an attractive solution for regenerative medicine. Interestingly, it has been proven that the frequency of mesenchymal progenitors in the stromal vascular fraction is approximately 1/4880, much greater than the respective frequency in the bone marrow and comparable to that in the umbilical cord blood. Consequently, this leads to a higher yield of harvested cells and much less time required for cell expansion, with potentially beneficial clinical implications \[[@b51]--[@b54]\].

Osteoinductive factors
----------------------

The most extensively studied and most widely used osteoinductive factors for the treatment of bone defects are BMPs. Based on the observation of previous researchers that intramuscular injection of bone extracts can induce ectopic bone formation, Urist discovered that a mix of proteins was responsible for bone regeneration, which he named BMPs \[[@b55]--[@b57]\]. Later, Sampath and Reddi developed a BMP bioassay for ectopic bone formation, based on the activity of alkaline phosphatase and calcium content in the newly formed bone \[[@b58]\]. Reddi and Huggins proposed that BMPs induce bone marrow progenitor cells to produce bone cells, leading to bone regeneration \[[@b59], [@b60]\]. In the late 1980s, BMPs were produced and isolated using recombinant DNA methodologies \[[@b61]\].

BMPs are members of the TGF-β superfamily and include 18 known proteins, among which BMP-2, BMP-4, BMP-6, BMP-7 and BMP-9 have full osteoinductive potential. They are active as homodimers or heterodimers. Heterodimers have been found to be more effective in inducing bone formation, as shown by the higher yields of alkaline phosphatase in cell cultures \[[@b62]\].

BMPs bind to two types of cell surface receptors, BMPRI and BMPRII \[[@b63]\]. These receptors are serine-threonine kinases and trigger specific intracellular pathways. Different combinations of type I and type II receptors provide different and specific signals which lead to distinct cell effects \[[@b64]\].

BMP activity is subjected to regulation by specific proteins that act as antagonists and include noggin, chordin, follistatin, gremlin, betaglycan and crypto \[[@b12]\]. These proteins are extracellular and inhibit BMP binding to cell receptors.

Upon BMP binding, BMP receptors phosphorylate certain intracellular signal transducing proteins, called receptor-regulated Smads (R-Smads), which include Smad1, Smad5, Smad8 and Smad9. R-Smads form a complex with a common-partner Smad (Co-Smad). Smad4 is so far the only described Co-Smad. Two R-Smads and one Co-Smad form a heterotrimeric complex, which is translocated into the nucleus and modulates the function of transcription factors, among which Runx2 is the most important one \[[@b65]\], and ultimately gene expression. Inhibitory Smads (I-Smads) negatively regulate Smad signal transduction. Additionally, Smad ubiquitin regulatory factors (Smurfs) induce the degradation of Smads and control BMP signal transduction \[[@b12]\]. BMP signalling also involves MAPK pathways, including the ERK, the c-Jun N-terminal kinase and the p38 MAPK cascades \[[@b66]\].

Osx is another transcription factor induced by BMP signalling and probably other pathways including MAPK pathway \[[@b67]\]. Osx and Runx2 are the most thoroughly studied transcription factors activated by BMP signalling. Finally, menin also regulates Runx2-induced gene expression during the commitment of MSCs into osteoblast differentiation \[[@b68]\].

The TGF-β--activin and BMP pathways share similar signalling molecules and thus compete with each other. Expression of TGF-β induces I-Smads, which regulate the BMP signalling effects \[[@b69]\]. The Notch, EGF, Wnt, IGF and FGF pathways also interact with the BMP--Smad pathway \[[@b12]\].

Several preclinical studies in animal models have evaluated the effectiveness of BMPs in the treatment of segmental bone defects \[[@b70]--[@b72]\]. These studies encouraged researchers to evaluate the usefulness of BMPs in treating bone defects in human beings \[[@b73]--[@b78]\].

Recombinant BMPs are currently derived from mammalian cell cultures, elevating the costs of the products containing them. In the future, the use of bacterial cells is expected to lower the production costs. Recombinant technology allows molecular modifications in order to improve BMPs' effectiveness. For instance, by adding heparin-binding domains to the rhBMP, one can decrease its specific activity *in vitro*, but also increase bone formation *in vivo*\[[@b12]\]. The production of recombinant proteins containing only the binding sites to cell receptors is another approach \[[@b79]\]. Another way of improving BMP effectiveness is chemical modification \[[@b12]\]. Finally, BMPs' bioactivity could be enhanced by the production of rhBMP heterodimers.

IGFs have also been studied for their effectiveness in the treatment of segmental bone defects. Their anabolic role in bone formation has been outlined by many researchers \[[@b80], [@b81]\]. According to other studies, IGF-1 induces both bone resorption and formation \[[@b82]\].

Prostaglandins (PGs) are another category of substances found in large quantities in bone tissue. Among them, PGE~2~ is the most potent one \[[@b83]\]. There are four prostaglandin receptor types, EP1, EP2, EP3 and EP4 \[[@b84]\]. Depending on their type and the receptor type they activate, PGs show both stimulatory and inhibitory effects. Application of PGE~2~ enhances bone healing. The presence of PGE~2~ in a culture medium during the first 21 days increases its osteoinductive effect. It has been suggested that this effect reaches its peak mainly during the first 24 hrs \[[@b85]\]. The application of PGE~2~ to a fracture site has been found to significantly stimulate osteoblastic activity \[[@b86]\].

A novel approach for the promotion of osteoinductive growth factors effectiveness and the enhancement of bioartificial bone tissues is gene therapy \[[@b87]\]. Cell transfection has been achieved with viral vectors, which provide efficient and stable transfection \[[@b88]\]. Non-viral vectors, such as transfection reagents, and matrix-mediated gene transfer are approaches that avoid the use of potentially harmful viral vectors \[[@b89]\]. For the time being, issues like phenotypical stability, application techniques and long-term effects hamper extensive application of gene therapy \[[@b90]\].

Biomaterials and scaffolds
--------------------------

The use of synthetic materials that possess bioactivity has been applied in clinical practice since the mid-1980s. These bioactive materials can promote certain cellular responses and include ceramics and polymers.

Ceramic materials have been extensively used as bone defect fillers. Bioglasses, glass ceramics and CaPs belong to this category. Unlike metallic implants, ceramics can integrate with bone without the formation of fibrous connective tissue. This is due to their unique structure and surface features, which resemble the bone mineral phase \[[@b91]\]. These materials provide an environment where bone matrix proteins are absorbed, resulting in osteoblast adhesion and proliferation \[[@b92]\]. The most commonly used ceramics are hydroxyapatite, b-tricalcium phosphate, their derivatives and their combinations.

Polymers are resorbable biomaterials that are characterized by a controlled degradation. They have been successfully employed for the treatment of bone defects, for healing of bone fractures, as well as for the production of biodegradable sutures, screws, plates, rods and pins \[[@b93]\]. Polylactic acid (PLA), polyglycolic acid (PGA) and their co-polymer PLGA are the most widely used polymers for the treatment of segmental bone defects. Degradation is mainly caused by hydrolysis and enzymatic disintegration. As the proliferation of cells proceeds into the scaffold, the latter is gradually degraded and the mechanical stress and strain is distributed to the newly formed tissue. Lactic and glycolic acid are the final products of PLA and PGA degradation and they are used in the metabolic pathway of the tricarboxylic acid cycle in the mitochondria. Ultimately, ATP, H~2~O and CO~2~ are produced and excreted by the lungs and kidneys \[[@b94]\].

The bioabsorbable polymer can be reinforced with a bioactive ceramic already described \[[@b95], [@b96]\]. The aim is to obtain a material that displays similar mechanical properties to bone, can integrate effectively with bone tissue and shows a degradation rate that matches the lesion's healing period. Finally, the coupling of polymers and proteins on the surface of the material can improve its bioactivity \[[@b91]\].

Scaffolds are three-dimensional porous structures that need to fulfil certain criteria in order to be used in tissue engineering. These include biocompatibility, biodegradability, porosity and mechanical analogy to the load-bearing bone \[[@b97]\].

A wide spectrum of both natural and synthetic materials is being investigated for the construction of scaffolds for bone tissue engineering, including the aforementioned ceramics and polymers. PLA and PGA are the most widely used polymers for bone tissue engineering, as they provide better control of their physicochemical properties and have been successfully employed in clinical applications \[[@b98]\]. Interestingly, it has been shown that certain CaP scaffolds exhibit intrinsic potential to induce bone formation, even without the presence of exogenous osteogenic growth factors. This ability depends on the biomaterial's macro- and microstructure, as well as chemical composition (*i.e.* presence of CaP) \[[@b99], [@b100]\].

An ideal scaffold must combine bioactivity and biodegradability. In order to simulate the extracellular matrix environment and function, the scaffold's surface can be coupled with biomolecules that influence cell adhesion, migration, proliferation and differentiation. The incorporation of an inorganic phase into the polymer modifies both the mechanical properties and degradation pattern of the material, but also improves its bioactivity \[[@b91]\].

Pore distribution, interconnectivity and size are crucial for the proper function of the material as a scaffold for bone tissue engineering. The optimal pore size has been determined between 100 and 350 μm \[[@b101]\]. Evaluating the scaffold's permeability gives an assessment of its ability to maintain cell viability and extracellular matrix production. Furthermore, oxygen and nutrient transport inside the scaffolds must be also assessed. Porosity is also of critical importance for the transmission of changes in hydrodynamic pressure or streaming potentials throughout the bulk of the material \[[@b102]\].

Composite materials have been developed in order to combine the properties of each individual material. Their further combination with MSCs led to the production of injectable cements with osteogenic potential \[[@b103]\]. The results were encouraging, as the material exhibited good osseointegration and vascularization *in vivo*. When combined with growth factors, scaffolds are effective in maintaining a controlled release of these factors. For this approach various factors have been used, including FGF, BMPs, platelet-derived growth factor and IGF \[[@b91]\].

The challenge of angiogenesis
=============================

Synthetic bone constructs lack vasculature. Blood perfusion and interstitial fluid diffusion are the ways oxygen and nutrients are delivered to the implant. Diffusion can support cell survival within a maximum range of 200 μm into the matrix \[[@b104]\]. Prolonged hypoxia and lack of nutrients ultimately result in cell death. Local environmental factors, such as trauma and infection further impair implant's integration with bone \[[@b90]\].

Adding a vascularized periosteal flap to the scaffold led to a significant increase in bone formation. Co-implantation of perivascular cell precursors and endothelial cells in engineered constructs leads to long-lasting, stable microvessels *in vivo*, which are fully functional for more than 1 year \[[@b105]\]. Recent studies have shown that the combination of angiogenic and osteogenic factors can stimulate bone healing and regeneration \[[@b106], [@b107]\]. In a rat animal model, the application of BMP-3 on a muscle flap, covered with DBM and enclosed in pre-shaped moulds, led to the transformation of the muscle tissue into vascularized bone grafts, in the shape of femoral heads and mandibles \[[@b108]\]. A pedicled bone graft can be generated with BMPs embedded on appropriate carriers around a vascular bed. This graft could be grown in one part of the body and then transplanted to the site of the defect, in case an orthotopic procedure is contra-indicated because of extensive trauma, loss of vascularity or infection \[[@b109], [@b110]\]. Based on this concept of flap pre-fabrication, a group of researchers developed a technique, in which a porous ceramic scaffold seeded with BMSCs was wrapped by a panniculus carnosus flap that provided vascular supply \[[@b22]\]. Another developed technique involves the placement of a functioning arterio-venous loop inside a semi-sealed polycarbonate chamber, thus generating a functional vascular network, along with a supportive extracellular matrix \[[@b111]\].

Conclusions
===========

Bone tissue engineering is a continuously evolving field. The use of tissue engineering constructs for the treatment of segmental bone defects has been promising. The combination of MSCs and growth factors along with appropriate scaffolds is based on specific physiological mechanisms and aims at mimicking the behaviour of bone tissue during repair. On the other hand, issues like safety, cost and heterogeneity in construct preparation between different laboratories need to be further evaluated. Importantly, a deeper understanding of the cellular and molecular pathways implicated in bone--construct integration is necessary for the development of more efficient products.
